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PRR11 Overexpression Facilitates Ovarian

Introduction
Ovarian cancer (OC) is the most common malignancy in women, and its incidence is increasing worldwide [1] . Despite the development of surgery and adjuvant therapies, the overall prognosis of patients with OC remains poor, especially in those with advanced stage disease [2] . At the molecular level, a series of genetic and epigenetic alterations that inactivate tumor suppressor genes and activate oncogenes play important roles in the pathogenesis of OC. Thus, identifying effective biomarkers for screening and molecular targeting is important for improving the prognosis of this disease.
Proline-rich protein 11 (PRR11) is located on human chromosome 17q22 region, and plays a vital role in numerous biological processes such as cell cycle progression, apoptosis, and invasion [3] . In recent years, accumulating evidence has shown that PRR11 is a candidate oncogene in mammals, is widely expressed in solid tumors, including pancreatic [4] , lung [5] , and hilar cholangiocarcinoma [6] , and is closely related to local tumor recurrence and metastasis. Specific short hairpin RNA-mediated depletion of PRR11 causes cell cycle arrest, leading to a significant decrease in cell viability [7] . PRR11 has been regarded as a potential new target for the diagnosis and treatment of lung cancer, as it regulates key genes associated with tumor occurrence [8, 9] . However, despite growing evidence demonstrating that PRR11 is as an important cancer-related protein, the role of PRR11 in OC and the underlying molecular mechanisms have not been investigated.
We assessed PRR11 expression in both OC tumor tissues and cell lines to investigate its effects on cell proliferation, invasion, and migration. We demonstrated that PRR11 was highly expressed in human OC tissues and enhanced the proliferation, migration, and invasion of OC cell lines in vitro, possibly by activating the phosphoinositide 3-kinase (PI3K)/AKT/β-catenin signaling pathway. These data provide significant insights into the role of PRR11 and its underlying molecular mechanisms in OC.
Materials and Methods
Tissue specimens
Fifty-one pairs of tumor and normal ovarian surface epithelium specimens were collected from patients with OC and other benign gynecological diseases who had undergone surgery at Xinqiao Hospital, Army Medical University (Chongqing, China) between 2015 and 2016, after they provided signed informed consent. All specimens were immediately snap-frozen in liquid nitrogen and maintained at -80°C until use. The patients' clinical characteristics such as age, tumor size, International Federation of Gynecology and Obstetrics (FIGO) stage, lymph node status, and histological grade were collected for statistical analysis. Ethical approval for the study was approved by the Research Ethics Committee of Xinqiao Hospital.
Immunohistochemistry
For immunohistochemical analysis of PRR11 expression, 4-μm tissue microarray sections obtained from all cancerous and non-cancerous tissues were paraffin-embedded and cut to construct tissue microarrays. The primary antibody anti-PRR11 (1:100; Abcam Inc., Cambridge, MA) was used for immunohistochemistry according to the manufacturer's instructions. Slides were routinely treated for deparaffinization and hydration, and then heated in 0.01 mM citrate buffer (pH 6.0). Endogenous peroxidase activity was blocked in 3% hydrogen peroxide in methanol for 20 min at room temperature. Immunohistochemical signals were calculated by quantifying positively stained cells under a microscope (Olympus Corporation, Tokyo, Japan). Two histopathologists were blindly reviewed the slides and scored the staining. 
Cell culture
Four human ovarian cancer cell lines (Caov3, SKOV3, OVCAR3, and HO-8910) and a normal ovarian epithelial cell line IOSE80 were purchased from the cell bank of the Shanghai Biology Institute, Chinese Academy of Science (Shanghai, China). Cells were maintained at 37°C in a humidified atmosphere of 5% CO 2 in RPMI-1640 medium (Gibco, Gaithersburg, MA) supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U/mL penicillin, and 100 μg/mL streptomycin (Sigma, St. Louis, MO).
Quantitative reverse transcription PCR Total RNA was extracted using the E.Z.N.A. Total RNA Kit I (Omega Bio-tek, Norcross, GA) according to the manufacturer's instructions. GAPDH expression served as the internal control. The following primers were used: PRR11 forward primer: 5'-CGTATCTGCCACCGAGAACTT-3' and reverse primer: 5'-GAGATGGTCTTCAGTGCTTC CT-3'; GAPDH forward primer: 5'-TGACTTCAACAGCGACACCCA-3' and reverse primer: 5'-CACCCTGTT GCTGTAGCCAAA-3'. Quantitative reverse transcription PCR (qRT-PCR) was performed using the SYBR Premix Ex Taq II (Takara), and the reaction conditions were: 95°C, 10 min; 95°C, 1 min, 55°C, 30 s, and 72°C, 45 s (39 cycles).
Cell transfection
Small interfering RNA (siRNA; 5'-ACGCAGGCCUUAAGGAGAATT-3') for PRR11 was purchased from GenePharma (Shanghai, China). To generate PRR11 overexpression vectors, PRR11-coding sequences were obtained by qRT-PCR and cloned into the pEGFP-N1 vector. The resulting plasmid was designated pEGFP-N1-PRR11 (PRR11-EGPF). Caov3 cells were transfected with Lipofectamine TM RNAiMAX (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Cell proliferation assay
Cell proliferation was measured using the Cell Counting Kit 8 (CCK-8) assay (Dojindo, Kumamoto, Japan). Briefly, 24 h after transfection, 3×10
3 cells per well were plated into 96-well plates and cultured in a humidified 37°C, 5% CO 2 incubator for up to 4 days. Then, 10 μL CCK-8 reagent was added to each well, and the absorbance at 450 nm was measured using a microplate reader. The experiment was repeated three times.
Colony formation assay
For the colony formation assay, cells were transfected for 48 h, plated into three 6-cm cell culture dishes (2×10 3 cells per dish), and incubated at 37°C. After 2 weeks, the plates were washed with phosphatebuffered saline and stained with crystal violet dye. Visible colonies were manually counted under a microscope. The experiments were performed three times in duplicate.
Transwell migration and invasion assays For the Transwell assay, 5×10
4 transfected cells in 150 μL RPMI 1640 medium without FBS were added to the upper chamber (BD Biosciences, San Jose, CA) or upper chamber precoated with 60 μL matrigel (1:8 dilution; BD Biosciences). The lower chamber was filled with 600 μL RPMI 1640 containing 15% FBS. Then, cells were cultured at 37°C in a 5% CO 2 atmosphere. After the cells were incubated for 24 h, the cells remaining on the upper membrane were removed with cotton wool, and the cells adhering to the lower surface were fixed in 4% methanol and dyed with 1% crystal violet for 30 min. The cells that migrated or invaded through the membrane were imaged and counted using a microscope (Olympus); the experiments were repeated three times.
Western blot analysis
Western blot analysis was performed as previously described [10] . Total proteins from OC tissues and each group of cells were harvested and lysed with RIPA buffer (Beyotime, Beijing, China). Proteins were detected with anti-PRR11, anti-β-catenin (Abcam Inc.), anti-cyclin D1, anti-c-myc, anti-matrix metalloproteinase 2 (MMP2), anti-tissue inhibitor of metalloproteinase 2 (TIMP-2), anti-AKT, and antiphosphorylated (p-AKT) (Cell Signaling Technology, Danvers, MA). The secondary antibody used was goat anti-rabbit IgG horseradish peroxidase conjugate (1:3000; Cell Signaling Technology). 
Results
Correlation between PRR11 upregulation with clinicopathological factors in OC
To assess the protein levels of PRR11 in OC tissues, immunohistochemistry staining of PRR11 was performed. The results showed that PRR11 protein was mainly located in the cytoplasm, and PRR11 expression was high in 34 of 51 OC tissues (Fig. 1A) . We also analyzed the expression levels of PRR11 in 51 snap-frozen OC tissues and normal ovarian surface epithelium using qRT-PCR and western blotting. PRR11 mRNA and protein expression was clearly increased in OC tissues compared with normal tissues (Fig. 1B, C) . We divided PRR11 protein levels into high expression and low expression groups according to immunohistochemistry staining results, and the correlation between PRR11 expression and clinicopathological parameters of OC was analyzed. The results demonstrated that the upregulation of PRR11 expression was positively correlated with advanced FIGO stage (III/IV) and large tumor size. In condition, PRR11 expression was higher in tumors with positive lymph node metastasis compared with those without metastasis. However, no statistical significance was found between PRR11 levels and patient age and histological grade (Table 1) . Collectively, these data showed that Fig. 2A) . To further clarify the effects of PRR11 on the malignant biological behaviors of OC in vitro, we used a PRR11 overexpression vector and PRR11-specific siRNAs to perform PRR11 gain-of-function and loss-of-function studies in OC cells. Then, qRT-PCR and western blot analysis were performed to determine the efficiency of PRR11 expression. The results suggested that PRR11 expression in the siRNA-PRR11 group was significantly lower than that in the siRNAnegative control (NC) group (Fig. 2B) . Compared with the control group, the mRNA and protein expression of PRR11 significantly increased in the PRR11-EGFP group (Fig. 2C) .
PRR11 regulates OC cell proliferation in vitro
To investigate the role of PRR11 in OC progression, the CCK-8 and colony formation assays were performed. As shown in Fig. 3A , PRR11 silencing in HO-8910 cells significantly inhibited cell growth compared with siRNA-NC cells, and the number of colonies was significantly reduced (Fig. 3B) . Conversely, a higher growth rate and enhanced clonogenic capacity were revealed in the PRR11-EGFP group compared with the vector group (Fig.  3C, D) . These data provide evidence that PRR11 may function as a positive regulator of cell proliferation.
PRR11 regulates OC cell migration and invasion in vitro
Because cell migration and invasion are essential prerequisites for cancer metastasis, the Transwell assay was performed to evaluate the effect of differential PRR11 expression on cell migration and invasion in OC cell lines. The results showed that the depletion of PRR11 led to significant reduction of the invasion and migration abilities of HO-8910 cells (Fig. 4A) , whereas the upregulation of PRR11 expression rescued the metastatic phenotype in Caov3 cells (Fig. 4B) . 
Expression of c-myc, cyclin D1, MMP2, and TIMP-2 mediated by PRR11
To further investigate the potential mechanism of PRR11-induced cell proliferation, changes in the expression of several proliferation-related proteins were examined. Western blot analysis indicated that the levels of c-myc and cyclin D1 were significantly downregulated after PRR11-siRNA transfection (Fig. 5A ), but were significantly increased in the PRR11 overexpression group compared to the respective corresponding controls (Fig. 5B) . These results suggested that PRR11 contributed to OC cell proliferation, partly by affecting the [11] . Activated MMP2 degrades extracellular matrix (ECM) components to allow cancer cell expansion without resistance, whereas TIMP-2 is a specific inhibitor of MMP2 [12] . In this study, we validated that PRR11 could regulate the expression of MMP2 and TIMP-2 in two OC cell lines. Compared with the corresponding controls, MMP2 expression was greatly downregulated in HO-8910 cells, whereas TIMP-2 expression was dramatically upregulated after PRR11 knockdown (Fig. 5C ). On the other hand, opposite results were observed in PRR11-enhanced Caov3 cells (Fig.  5D ). These results indicate that PRR11 may control OC cell migration and invasion by regulating the expression of MMP2 and TIMP-2.
Mechanism by which PRR11 exerts its functions
To investigate the downstream mechanisms underlying the role of PRR11 in OC progression, we investigated the PI3K/AKT signaling pathway. Western blot analysis demonstrated that PRR11 silencing decreased p-AKT and cytoplasmic and nuclear β-catenin expression in HO-8910 cells (Fig. 6A) , whereas restoration of PRR11 had the opposite effects in Caov3 cells (Fig. 6B) . A specific inhibitor of PI3K/AKT (LY294002) was added to the Caov3 cells with PRR11 overexpression, and the results showed that the levels of p-AKT and expression of cytoplasmic and nuclear β-catenin were reversed. 
Cellular Physiology
Consistent with this, the enhancement of cell proliferation, clonogenicity, and metastasis by PRR11 upregulation was inhibited by LY294002 exposure in Caov3 cells (Fig. 6C-E) . These findings showed that activation of the PI3K/AKT/β-catenin axis was essential for PRR11 to promote OC cell proliferation and migration/invasion.
Discussion
Previous studies have shown that PRR11 overexpression may be a hallmark of aggressiveness and recurrence in various types of cancer tissues and cell lines, participating in cell cycle progression and apoptosis through transcriptional regulation of related genes [13] . This was the first study to show that PRR11 is abundantly expressed in OC tissues and cell lines compared with those in non-cancerous tissues and the normal ovarian epithelial cell line IOSE80. Moreover, high PRR11 expression was significantly correlated with advanced FIGO stage, large tumor size, and lymph node metastasis of patients with OC. These data show that PRR11 functions as an oncogene in OC origin and development, although its precise role in this disease remains to be clarified.
Our subsequent studies showed that PRR11 silencing inhibited cell proliferation and caused a dramatic decrease in the colony formation of HO-8910 cells. These results were confirmed by upregulation of PRR11 in the Caov3 cell line. The CCK-8 assay showed that the growth of Caov3 cells transfected with the overexpression vector was increased compared with control cells. The results of the colony formation assay revealed that clonogenic survival was increased following the upregulation of PRR11 in Caov3 cells. These data suggest the anti-tumor action of PRR11 silencing. c-Myc, a nuclear phosphoprotein, is also a downstream effector of β-catenin that directly responds to mitogenic signals and functions as a transcription factor that stimulates the cell cycle and cancer progression [14, 15] . Studies have revealed that cyclin D1 is implicated in the cell cycle progression of various tumors and is associated with the cell proliferative activity and differentiation of OC. Suppression of cyclin D1 is closely correlated with reduced tumorigenicity [16, 17] . In this study, we examined the protein expression of c-myc and cyclin D1 by western blot analysis after PRR11 overexpression. The results showed that c-myc and cyclin D1 expression was significantly decreased in the siRNA-PRR11 group, whereas the opposite results were observed in Caov3 cells upon PRR11 upregulation. Together, these findings indicate that PRR11 may promote OC cell proliferation by upregulation cyclin D1 and c-myc expression via modulation of the cell cycle.
Cancer metastasis is associated with a poor prognosis in patients with OC, causes approximately 90% of cancer-related deaths, and is regarded as a series of interdependent events that include degradation of ECM and basement membrane components, which is a critical step in metastasis [18] . ECM degradation is positively mediated by MMP/TIMP expression, as alterations in the balance of MMP/TIMP expression lead to the invasion and migration of OC cells [19, 20] . Here, we observed that PRR11 silencing mitigated the invasion and migration of siRNA-PRR11 HO-8910 cells, which was associated with reduced levels of MMP2, but increased levels of TIMP-2 in OC. In contrast, upregulation of PRR11 significantly increased the invasion and migration abilities of Caov3 cells. Western blot analysis further confirmed that upregulation of PRR11 increased the expression of MMP2 and inhibited the expression of TIMP-2 compared to the control group. These data suggest that PRR11 contributes to OC cells metastasis, partly by regulating the balance of MMP2/ TIMP-2 expression and controlling ECM degradation and remodeling.
PI3K/AKT, a major signaling pathway associated with cancer progression and metastasis, is aberrantly activated in OC, leading to recruitment and activation of the AKT serine/threonine kinase [21, 22] . The PI3K/AKT pathway is a potential target for therapeutic intervention due to its pivotal role in the regulation of proliferation, survival, and invasiveness of OC [23] . Hematopoietic PBX-interacting protein promoted the migration, invasion, and EMT in OAW42 cells via activation of the PI3K/AKT pathway by directly interacting with PI3K [24] . He et al. [25] revealed that exendin-4 inhibit cell growth, migration, and invasion and enhanced apoptosis by inhibiting the PI3K/AKT pathway during OC progression. Additionally, phosphorylation of β-catenin by AKT increases its transcriptional activity, leading to the accumulation of β-catenin in the cytosol and nucleus, and resulting in the activation and expression of downstream target genes, such as MMP2/TIMP-2, which causes cell invasiveness and metastasis [26, 27] . In condition, it was revealed that suppressing β-catenin resulted in the decreased expression of c-myc and cyclin D1, and induced antitumor growth effects in OC cells [28, 29] .
In this study, we demonstrated that HO-8910 cells displayed decreased phosphorylation of AKT after PRR11 silencing, and both the transcriptional activity and nuclear distribution of its downstream critical regulator β-catenin also significantly decreased in these cells. By contrast, PRR11 upregulation caused significant upregulation of p-AKT, and cytoplasmic and nuclear β-catenin expression in Caov3 cells. These data suggest that PRR11 may exert its functions by enhancing the PI3K/AKT/β-catenin-mediated signaling pathway. To confirm how the PI3K/AKT/β-catenin axis is involved in the process of PRR11-mediated cell proliferation and metastasis, LY294002, a specific inhibitor of PI3K, was added to PRR11-overexpressing Caov3 cells, after which cell proliferation and migration/invasion were markedly abrogated. These findings demonstrated that the PI3K/AKT/β-catenin signaling pathway contributed to the PRR11-mediated promotion of proliferation and migration/ invasion of OC cells. However, in-depth mechanistic studies are needed on its signaling pathway based on the regulatory biologic behavior of OC.
The results of this study showed that PRR11 is highly expressed in OC cell lines and tissues, and is closely associated with advanced FIGO stage, lymph node metastasis, and large tumor size. PRR11 facilitated the cell proliferation and migration/invasion of OC cells, the effects of which were dramatically mediated by activation of the PI3K/AKT/β-catenin pathway and modulation of cyclin D1, c-myc, MMP2, and TIMP-2 expression. Although further studies are needed, our data revealed that PRR11 may be an important oncoprotein and potential therapeutic target in OC.
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